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The search for the neutron electric dipole moment

Probing the CKM matrix



What is an EDM?
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The neutron spin as a quantum clock
- Magnetic field -> 30 turns each second
- Electric field -> 1 turn in 200 days

High precision?
-> we store neutrons for 3 minutes
-> nuclear magnetic resonance
-> atomic magnetometry

dn = ( 0.0 ± 1.1 stat ± 0.2 syst ) 10-26e.cm

H= −𝜇𝑛. 𝐵 − 𝑑𝑛. 𝐸 =
ℎ 𝑓𝑛
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CP odd!

10 years, 34 PhD thesis, 55 persons at a given time



CP violation in the standard model: the weak sector

The neutron EDM (from quarks’ EDM)

Naive (valence) approach:

The largest Standard Model contribution to dn comes not from quark 
EDMs, but from a four-quark operator generated by a so-called “strong 
penguin” diagram. This is enhanced by long distance effects, namely 
the pion loop, and it has been estimated that this mechanism

≤ 10−34 𝑒. 𝑐𝑚

≈ 10−32 𝑒. 𝑐𝑚

The neutron EDM (from “long” distance effect)

Annals of Physics 318 (2005) 119–169
The neutron EDM is essentially free of SM background!
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The strong CP problem and the axion

𝐿𝑒𝑓𝑓 = 𝐿𝑄𝐶𝐷 + 𝜃
𝛼𝑆
8 𝜋

𝜀𝜇𝜈𝜌𝜎𝐺𝜇𝜈
𝑎 𝐺𝜌𝜎

𝑎

From lattice calculations: 𝑑𝑛 = −0.0039 2 9 𝜃 𝑒. 𝑓𝑚*

Experimental upper limit: |𝑑𝑛| ≤ 2.10−13 𝑒. 𝑓𝑚
𝜃 ≤ 10−10

* PRL(2015)062001

The strong CP problem
* One mass quark is exactly zero but PDG: 𝑚𝑢 = 2.2−0.4

+0.6 𝑀𝑒𝑉
* Introducing a global chiral U(1) symmetry 

This symmetry is necessarily spontaneously broken, and its 
introduction into the theory effectively replaces the static CP-violating

angle θ with a dynamical CP- conserving field- the axion. The axion is
the Nambu-Goldstone boson of the broken U(1) symmetry.
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Matter/Antimatter Asymmetry of the Universe

𝜂 =
𝑛𝐵 − 𝑛 ത𝐵

𝑛𝛾

The abundances of the light elements depend
almost solely on the baryon-to-photon ratio

D/H measurements* + nucleosynthesis models

*Universe 3, 44 (2017)
**Astron. & Astrophys. 594, A13 (2016)

The Planck result**: fraction of cosmological 
density contained in baryons: 

5.8 10−10 < 𝜂 < 6.6 10−10

𝜂 = 6.09 (6) 10−10

Big-Bang Cosmology by the PDG
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Matter/Antimatter Asymmetry of the Universe

How this asymmetry can be explained with particle physics? 
→ Sakharov criteria for baryogenesis

1) There must exist an interaction that violates B-number. 

2) The B-violating interaction must go out of thermal equilibrium. 

3) There must be an interaction that violates C & CP. 

Standard Model

1) OK (Sphalerons)

2) ~OK (Requires low Higgs mass)

3) Not OK (CKM)
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Electroweak baryogenesis

New CP violating phases contributes to 
* baryonic asymmetry of the universe
* neutron EDM

The nEDM is one  of the most stringent
test of electroweak baryogenesis

Another possibility is the leptogenesis

𝑑𝑛 = 𝑑𝑛
𝐶𝐾𝑀 + 10−16 𝑒. 𝑐𝑚 𝜃 + 10−24 𝑒. 𝑐𝑚

200 𝐺𝑒𝑉

𝑀

2

sin(𝜑𝐶𝑃)
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The chances to find new physics can be quantified in an effective field theory approach: the new physics is parameterized 
by a single energy scale representing the mass of the new force mediators Λ, and a large set of dimensionless coefficients 

D is the dimension of the operators Oi,D

D ≤ 4 describes the Standard Model
D=5 impacts on the neutrino sector
D=6 our playground

Wilson coefficients

A discovery tool

Search for new physics

Adam Falkowski, lecture at 
Les Houches (nEDM2021)



The search for the neutron EDM
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First limitation ….. Magnetic field fluctuations 

Goal: 1*10-27 e.cm



The search for the neutron EDM
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First limitation ….. Magnetic field fluctuations 

K. Michielsen & M. Ferry

7 pT
PRELIMINARY 

Data taking 
in progress



Beta decay as a laboratory for testing the weak interaction
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A long history 
• Observation of « beta rays » could be the very beginning of particle physics?
• Parity violation observed in 1957

… many crucial ingredients of the Standard (electroweak) Model

And today? 
Universality of the weak interaction, the equality of the Fermi constant as felt by leptons and quarks, is one of the 
cornerstones of SM -> the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix 



Beta decay as a laboratory for testing the weak interaction
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0+ → 0+ “superallowed” beta decay

Radiative correction

Nuclei dependant

PHYSICAL REVIEW C 102, 045501 (2020)



Beta decay as a laboratory for testing the weak interaction

0+ → 0+ “superallowed” beta decay

Radiative correction

Nuclei dependant

PHYSICAL REVIEW C 102, 045501 (2020)
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Increased error bars!

2020
2015



Beta decay as a laboratory for testing the weak interaction
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Here comes the neutron!

Ratio of the axial-vector and vector coupling constants

arXiv:2307.01145v3



Storage:
Counting the 

living ones 

Beam:
Counting the 
dead ones 

A dark side of the neutron?

Beta decay as a laboratory for testing the weak interaction



Beta decay as a laboratory for testing the weak interaction



Beta decay as a laboratory for testing the weak interaction
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Here comes the neutron!

arXiv:2307.01145v3



PERKEO III @PF1b

Electron velocity

Neutron polarisation

Angle of the electron emission with 
respect to the neutron spin 

Ratio of the axial-vector and vector coupling constants

Beta decay as a laboratory for testing the weak interaction



Beta decay as a laboratory for testing the weak interaction
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Here comes the neutron!

Neutron only

0+ → 0+ 

arXiv:2307.01145v3



Neutron is the best particle

21arXiv:2506.22682

https://arxiv.org/abs/2506.22682


Axion detour

The axion is a well motivated dark matter candidate
Axion density relative to the critical density of the universe

Annual Review of Nuclear and Particle Science Vol. 65:485-514 (2015) 

The theory is quite predictive
Essentially all of the physics of the axion depends on a large unknown energy 
scale 𝑓𝑎, at which Peccei-Quinn symmetry is broken.

The axion has a two photons coupling, 
and 𝑔𝛾 is model dependant. 

≈ Ω𝑚 = 0.23 (𝑚𝑎 ≈ 20 𝜇𝑒𝑉)

Entire dark matter density
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Search for Axion-like dark matter

C. Abel et al., Phys. Rev. X 7, 041034 (2017)

ILL data: long data taking PSI data: high sensitivity
Still blinded
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Search for the interactions of the coherently oscillating axion DM field with gluons and fermions 
-> oscillating electric dipole moments (EDMs) of nucleons 
-> anomalous spin-precession effects



The search for the neutron EDM
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The search for the neutron EDM
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